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REMARKS/ARGUMENTS 

Review and reconsideration of the Office Action dated July 
28, 2004, is respectfully requested in view of the above 
amendments and the following remarks. 

The pending claims are Claims 1-46. 

Claims 1, 4-7, 9-21 and 23-40 were withdrawn in response to 
the • telephone restriction requirement made by the previous 
Examiner (Examiner Sandals) on June 10, 2 003, which was made 
with traverse. In response to the telephone restriction 
requirement, Applicant provisionally elected with traverse 
claims 2, 3, 8, 22 and 41-46 as they read upon SEQ ID NO: 11. 

However, the present Examiner, Examiner Maria Marvich, 
contends that neither the telephone restriction requirement nor 
the reason for the traversal is of record. 

The present Examiner made a subsequent restriction 
requirement on January 28, 2004 of claims 2, 3, 8, 22 and 41-46 
requiring election of one of the sequences of SEQ ID NOs : 5-16 
and one of the sequences of SEQ ID NO: 1 or 2 . On May 4, 2204, 
Applicant responded to this later restriction requirement, 
electing with traverse claims 2, 3, 8, 22 and 41-46 as they read 
on SEQ ID NO: 11 and SEQ ID NO: 2. 

In the instant Office Action the Examiner, upon 
reconsideration, has removed the restriction requirement as 
between SEQ ID NO: 1 or SEQ ID NO: 2. However, The Examiner made 
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final the restriction requirement between SEQ ID NOs : 5-16. The 
Examiner has also withdrawn claims 42-4 6 as allegedly reading on 
a non-elected invention. 

In view of the lack of record regarding the telephone 
restriction requirement and the initial withdrawal with traverse 
of claims 1, 4-7, 9-21 and 2 3-40, Applicant withdraws the 
withdrawal of claims 4-7, 9-21 and 2 3-40. Furthermore, 
Applicant has amended claims 4-7, 9-21 and 23-4 0 so as to 
directly or indirectly refer back to presently pending claim 2. 
Care has been taken to ensure that no new matter has been added. 
Entry of the amendment is requested. Therefore, Applicant 
respectfully requests the Examiner to reintroduce claims 4-7, 9- 
21 and 23-40 for examination. 

Moreover, Applicant traverses the Examiner's withdrawal of 
claims 42-46. Applicant respectfully submits that claims 42-46 
read upon the combination of SEQ ID NO: 11 and SEQ ID NO: 7. 
Combination that is within the scope of the election of SEQ ID 
NO: 11, to the extent that a search of SEQ ID NO: 11 satisfies 
the requirements for novelty and non-obviousness, no further 
search of SEQ ID NO: 7 would be required, and the Examiner would 
not be unduly burdened. SEQ ID NO: 11 and SEQ ID NO: 7 are 
linked so to make a non-distinct invention. 

In addition to claims 2, 3, 8, 22 and 41 which according to 
the Examiner are under Examination, Applicant respectfully 
requests the Examiner to further keep under examination the 
reintroduced claims 4-7, 9-21 and 23-40. Moreover, in view of 
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the arguments presented above, Applicant requests the Examiner 
to reconsider his withdrawal of claims 42-46. 

Office Action 

Turning to the Office Action, the paragraphing of the 
Examiner is adopted. 

Sequence Compliance 

The Examiner has required inserting sequence identifiers 
for the 6 sequences shown in Figure 4 . The sequences of Figure 
4 are found in the previously submitted sequence listing. 

Applicant has amended Figure 4 by moving the "Fig. 4" label 
to the top of the graphic and inserting the corresponding 
sequence identifiers according to the sequence listing. 

Applicant respectfully submits that the sequences of Figure 
4 have been corrected to comply with the requirements of 3 7 
C.F.R. §§ 1.821 through 1.825. Therefore, Applicant 

respectfully requests the Examiner to withdraw the objection to 
Figure 4 . 

Drawings 

The Draftsperson has objected to Figure 3 as having 
incorrect margins and to Figure 1 for having views that are not 
labeled separately . 

Applicant has increased the margins in Figure 3. With 
respect to Figure 1, Applicant has relabeled the section 
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corresponding to the restriction map of the plasmid ms23 as 
"Fig. lA" and the portion corresponding to the list of enzymes 
as "Fig. IB". Furthermore, Applicant has accordingly amended 
the description of Figure 1 in page 25 of the specification. 

Applicant submits herewith replacement sheets with the 
amended figures 1, 3 and 4. Therefore, Applicant respectfully 
requests the Examiner to approve the amended drawings and the 
changes in the specification. If necessary, Applicant will 
submit formal drawings of Figures 1 and 4 at the time* the notice 
of allowance is received. Accordingly, withdrawal of the 
rejection to Figures 1 and 3 is respectfully requested. 

Specification 

The Examiner has objected to the legend of Figure 7 as 
failing to distinguish parts A and B. The Examiner has also 
required deleting from the specification, in page 25, lines 4-9, 
embedded hyperlinks or other form of browser executable code. 

Applicant has amended the description of Figure 7 in page 
2 6 of the specification to indicate that Figure 7a and Figure 7b 
refer to two different experiments and that Figure 7b includes 
some additional constructs that have been investigated. 
Applicant has also amended the specification to delete the 
hyperlinks from the first paragraph in page 25. Applicant has 
not added new matter. 

Applicant respectfully submits that the defects in the 
specification noted by the Examiner have been corrected. 
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Therefore, Applicant respectfully requests the withdrawal of the 
objections to the specification. 

Oath/Declaration 

The Examiner alleges that under 37 C.F.R. § 1.67(a) the 
oath or declaration previously submitted is defective. A new 
oath or declaration identifying the instant application by 
application number and filing date is required. 

Applicant submits a new oath or declaration with the proper 
application number and filing date under 37 C.F.R. § 1.67(a). 
Applicant respectfully request the Examiner to approve the oath 
or declaration submitted herewith. 

Claim Objections 

The Examiner has objected to claim 41 under 3 7 C.F.R. § 
1.75 as being a substantial duplicate of claim 2. The 
Examiner's position is explained in the second paragraph of page 
five of the office action. 

The Examiner also objected to claims 2, 3, 8, 22 and 41 as 
allegedly encompassing non-elected subject matter. 

Applicant has deleted claim 41. Applicant notes that 
objections and rejections to claim 41 are moot in view of its 
deletion. 

Applicant has amended claims 2, 3, 8 and 22 to encompass 
only matter directed to SEQ ID NO: 11 or SEQ ID NOs : 1 and 2. 
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Applicant therefore respectfully requests the Examiner to 
withdraw the objections to claims 2, 3, 8 and 22. 

Claims Rejections - 35 USC § 112, second paragraph 

The Examiner has rejected claims 2, 3, 8, 22 and 41 under 
35 U.S.C.§ 112, second paragraph, as allegedly indefinite for 
failing to particularly point out and distinctly claim the 
subject matter which applicant regards as the invention. 

With respect to claims 2, 3, 8, 22 and 41, the Examiner 
contends that the recitation "local gene expression" is unclear. 
The Examiner position is explained in the second paragraph of 
page 6 of the office action. 

With respect to claim 8, the Examiner alleges that the 
limitation "at least two of said cis-acting elements" lacks 
sufficient antecedent basis in claim 2 . 

With respect to claim 22, the Examiner alleges that the 
metes and bounds of "A cis-acting element" are unclear. The 
Examiner position is found in paragraph 4 of page 6 of the 
office action. 

Applicant respectfully submits that the term "local" is 
sufficiently defined in the specification at page 3, first full 
paragraph. Since the specification clearly set forth the 
meaning of "local gene expression", this term is not unclear as 
referred in claims 2, 3, 8, 22 and 41. Therefore Applicant 
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respectfully requests the Examiner to withdraw the rejection to 
claims 2, 3, 8 and 22 under 35 U.S.C. § 112, second paragraph. 

Applicant has amended claim 2 to read "two or more cis- 
acting elements" instead of the recitation "at least one cis- 
acting element" . Support for "two or more cis-acting elements" 
can be found in the specification at page 4, lines 2-4 of fifth 
paragraph. Applicant has not added new matter. 

Therefore, claim 2, as amended, has sufficient antecedent 
basis for the limitation "at least two of said cis-acting 
elements" in claim 8. Consequently, Applicant respectfully 
requests the Examiner to withdraw the rejection to claim 8 under 
35 U.S.C. § 112, second paragraph. 

Applicant has amended claim 22, which recites "A cis-acting 
element", to indicate that these terms refer to SEQ ID NO: 11. 
Therefore, Applicant submits that claim 22, as amended, is not 
unclear. Applicant respectfully requests the Examiner to 
withdraw the rejection to claim 11 under 35 U.S.C. § 112, second 
paragraph. 

Claim Rejections - 35 USC 102 § 102 

The Examiner rejected claims 2, 22 and 41 under 35 U,S.C. § 
102(b) as allegedly anticipated by Van de Locht et al . (Embo J. 
1990, vol 9 (9) :2945-2950) . The Examiner contends that Van de 
Locht et al . teaches a chimeric promoter comprised of the 
sequence found in SEQ ID NO: 11 and the core of CHS promoter 
which comprises those elements necessary to initiate 
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transcription i.e. TATA Box (page 2948, column 1, paragraph 1) . 
The Examiner further notes that the portion of PR2 promoter used 
in the chimeric construct shown in Figure 6 extends from -168 to 
-43 which covers the region of SEQ ID NO: 11 as highlighted in 
Figure 3 . 

In response, Applicant respectfully submits that Van de 
Locht et al . identifies a DNA sequence within the PR2 -promoter 
from position -168 to position -52 as being necessary for strong 
elicitor-inducibility of the promoter (See Van de Locht et al at 
Abstract and page 2947, left hand column, last paragraph) . 
Furthermore, from the deletion analysis of the promoter (See id. 
e.g., Figures 5 and 6), Van de Locht et al . teaches that the 
sequence between positions -168 and -108 is critical for both 
elicitor-inducibility and the strength of the promoter. On the 
other hand, the sequence from position -108 to position -52 was 
considered to mediate elicitor-dependant expression only at a 
low level (See id. at page 2149, left-hand column, last sentence 
of the third paragraph and first two sentences of the fourth 
paragraph) . 

In the present application, the D-Box sequence (SEQ ID NO: 
11) is contained in the promoter sequence shown in Figure 3 of 
Van de Locht et al . from position -76 to position -46. This 
means that the D-Box sequence of the present invention is not 
within a sequence between positions -168 and -108, which is 
described by Van de Locht et al . as being the most important. 
Further, the D-Box sequence of the present invention is not even 
within the sequence range of positions -168 and -52. Thus, Van 
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de Locht et al . teaches the skilled artisan away from the D-Box 
sequence (SEQ ID NO: 11) of the present invention. 

The D-Box sequence of the present invention (from position 
-76 to position -46) has been shown later by Rushton et al . 
(Rushton et al . , The Plant Cell, 14:749-762 (2002)) that in the 
form of a tetramer, it mediates a strong pathogen- inducible 
transcription, whereas the sequence between positions -76 and 
-52, albeit being pathogen- inducible, only forms a weak 
promoter. Rushton et al . shows that the sequence between 
position -76 and -52 is 30 times less strong as a promoter as 
compared with the sequence between position -76 and -46 (See 
Rushton et al . at the section bridging pages 755 and 756, as 
well as. Figure 9; showing that the promoter "4xD" with the 
additional 6 bases, is 30 times stronger than the promoter 4xD 
short'') . 

Van de Locht et al . does not teach the cis-element D-Box 
having the sequence shown in SEQ ID NO: 11, as presented in the 
instant invention. Van de Locht et al . does not teach either a 
chimeric promoter construct which contains two of the D-Box 
elements characterized by SEQ ID NO: 11. 

Applicant respectfully submits that in view of above, and 
the amendment to claim 2 to recite "two or more cis-acting 
elements". Van de Locht et al . does not anticipate claims 2 and 
22 . 

Therefore, Applicant respectfully requests the Examiner to 
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withdraw the rejection to claims 2 and 22 under 35 U.S.C. § 
102 (b) . 

Applicants believe that all the claims are now allowable. 

Favorable consideration and early issuance of the Notice of 



remain prior to allowance, the Examiner is respectfully 
requested to contact the undersigned at the indicated telephone 
number. 



PENDORF & CUTLIFF 
5111 Memorial Highway 
Tampa, Florida 33634-7356 
(813) 886-6085 

Date: January 27, 2005 

Enclosures: 15 replacement sheets (Drawings) , Oath/Declaration, 
Rushton et al . 



Allowance are respectfully requested. 



Should further issues 



Respectfully submitted, 




Jdhn J. Martinez 
Registration No, 48,254 
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CERTIFICATION OF MAILING AND AUTHORIZATION TO CHARGE 

I hereby certify that a copy of the foregoing AMENDMENT A 
for U.S. Application No.: 09/831,272 filed August 13, 2001, was 
deposited in first class U.S. mail, postage prepaid, addressed: 
Mail Stop Amendment, Commissioner for Patents, P.O. Box 1450, 
Alexandria, VA 22313-1450, on January 27, 2005. 

The Commissioner is hereby authorized to charge any 
additional fees, which may be required at any time during the 
prosecution of this application without specific authorization, 
or credit any overpayment, to Deposit Account No. 16-0877. 




-24- 



U.S. Patent Application No. 09/831,272 
AMENDMENT A 



ATTORNEY DOCKET NO.: 4038.001 

IN THE DRAWINGS 

Please replace Figures 1, 3 and 4 with the attached amended 
Figures lA, IB, 3 and 4. 
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RESEARCH ARTICLE 

Synthetic Plant Promoters Containing Defined Regulatory 
Elements Provide Novel Insights into Pathogen- and 
Wound-Induced Signaling 

Paul J, Rushton, Anja Reinstadler, Volker Upka, Bernadette Lippok, and Imre E, Somssich^ 

Max-PlanckHnstrtut fOr ZGchtungsfbrschung, Abteilung Biochemie, Cart-von-Linn^-Weg 10, 0-60829 Kein, Germany 



Pathogen-inducible plant ppcwnotore contain multiple ex acting elements, only some of which may contribute to patho- 
gen inducfbility. Therefore, we made derfined synthofcc promoters containing tetramers of only a single type of element 
and present evidence that a range of c/s-acting elements (boxes W1, W2, GCC, JERE, S. Cst1. and D) can mediate local 
gene exptression in planta after pathogen attack. The expression patterns of the promoters were monitored during In- 
teractions with a number of .pathogens, including compatible, niconipatible, and nonhost Interactions, Interestingly, 
there were major differences in the Inducibilrties of the various promoters with the pathogens tested as well as differ- 
ences in the speed of induction and In the basal expression levels. We also show that defense signaling is largely con- 
served across species boundaries at the c/s-acting element level. Many of these promoters also direct kical wound- 
induced expression, and this provides evidence for the convergence of resistance gene, nonhost; and wound re- 
sponses at the level of the laromoter elements. We have used these cfe-acting elements to construct improved syn- 
thetSc promoters and show the effects of varying the number, order, and spacing of such elements. These promoters ^ 
are valuable additions to the :5tudy of signafing and transcriptional activatkwi during ptent-pathogen interactions. 



INTRODUCTION 



The availaibllfty of a range of cie~lned synthetic plant pronnot- 
ers that direct controlled locaJ jgene expression In response 
to pathogens would be a major advance. These promoters 
could be used to help define signaling pathways, to isolate 
novel mutants using "targeted genetics" (Hoofey, 1998), and 
to engineer plants with increased disease resistance. The 
control regions of plant genes are nnodular and contain a 
number of cfe-acting elementr., each of which may contrib- 
ute to one or more aspects of €. complex expression profile. 
One strategy to overcome this complexity is to pre)duce 
synthetic promoters containing only defined individual ele- 
ments, thereby reducing expression profile complexity (Salinas 
et al.p 1992). However^ although there are numerous reports 
of synthetac promoters being, inducible by elicitors in tran- 
sient expression systems (Rushton and Somsslch, 1998). In 
most cases it is not known to i/uhat extent individual c*s-act- 
ing elements retain their funrjtionality in planta wlien re- 
moved from their native promoter context and whether we 



^ To whom Gorrespondence should be addressed. E-mail somsslch® 
mplz-koeinjnpg.de; fax 49-221 -5062-31 3. 

Article, publication dato. and crtation information can be found at 
www.pIantcall.org/cgi/doi/1 0,1 1 0S^rpcOl 0412. 



can use these individual "modules" to make synthetic pro- 
moters that direct a desired expression pattern. 

Pathogen-inducible promoters represent an attractive 
system for the production of synthetic promoters. There are 
a large number of known pathogen-inducible genes (Rushton 
and Somssich, 1998), and their promoters are among the 
best studied in plants. Two groups of pathogen-inducible 
cte-acting elements, the GCC-lIke elements (Ohme-Tagaki 
et al., 2000) and the W boxes (Rushton et al., 1996; Eulgem 
et al., 2000), have been well studied. The GCC box (AGC- 
CGCC) often is found in the promoter regions of defense 
genes (Ghme-Takagl and Shinshi. 1995). A similar element 
has been reported to direct jasmonate and olicitor-respon- 
sive expression (JERE; AGACCGCC) (Menke et al., 1999). 
and another (DRE; TACCGAC) directs cold-, salt stress-, and 
dehydration-responsive expression (Yamaguchi-Shtnozaki and 
Shinozaki, 1994). Recently, another similar GCC-like ele- 
ment called box S (AGCCACC) has been Identified that di- 
rects expression by fungal elicitors (Kirsch et al., 2000). it 
appears that minor variations in the core sequences Impart 
responsiveness to different stimuli. 

The W box [Cr)TGAC(C/r)J is the binding site for members 
of the WRKY family of transcnption factors (Rushton et al., 
1996). There is increasing evkienca that W boxes are a ma- 
jor class of cte-acting elements responsible for the pathogen 
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inducibilily of many plant genes (Raventbs et al., 1995; 
Rushton et al., 1996; Wang et al.» 1998). The importance of 
W boxes was illustrated recently by studies of the Arabidop- 
sls transcriptome during systemic acquired resistance 
(Maleck et al., 2000; Petersen et al., 2000). In some cases, 
clustering of W boxes may be associated with Induclbllity by 
pathogens. 

Gfven tlhat GCC-like boxes, and W boxes have been so 
well studiled, it is surprising that there Is almost no direct in 
planta evidence that they can mediate pathogen-inducible 
expression. Aithough W boxes have been shown to impart 
elicltor-inducible expression on a minimal promoter in tran- 
sient expression systems (Rax'ent6s et al.. 1995; Rushton et 
al., 1906; Eulgem et al., 1999), there fs only one report sug- 
gesting that isolated W boxe?5 can function alone In ptanta 
and direct pathogen-indue ibJe expression (KIrsch et al.t 
2001). It was shown that the Vi/ box-containing promoter el- 
ement El 7 mediates gene expi'ession at pathogen infection 
sites in transgenic Arabidopsis plants. Data concerning 
GCC-like boxes are equally *3arce. A synthetic promoter 
containing four copies of a GCC box directs ethylene-induc- 
ible expression In tobacco Ohme-Takagi and ShinshI, 
1995), but pathogen induciblllry has yet to be shown. 

Both GCC-IIke efements (Suzuki et al., 1998) and WRKY 
transcription factors (Hara ei al., 2000) have been implicated 
in gene expression in response to wounding. It was shown 
recently that wound- and pat^^gen-lnduced signaling con- 
sists of networks with some Shared components (Romels et 
ai., 1999). it remains an open question, howevar, whether 
specific c/s-acting elements can direct both pathogen- and 
wound-Induced expressksn in planta or whether these two 
activities are characteristics of rieparate elements. 

Here, we present a compr^enslve study of pathogen- 
inducible synthetic plarrt promoters constnicted from a 
range of both well-studied anc novel c/s-actIng elements. At 
least seven different elements can alone direct local patho- 
gen-indudble gene expression in transgenic Anabidopsis 
plants. Major differences are seen between many of the ele- 
ments with regard to their background expression, their in- 
duction by drfferent pathogens, and their speed of 
induction. Addltlonaliy, we demonstrate that several patho- 
gen-inducible elements also direct local wound-inducible 
expresston and therefore that components of pathogen- 
and wound- induced signaling are shared. 



RESULTS 



Elicitor-rnduclble Synthetic Ppomoters 

Our approach to making syn^Inetic promoters that are In- 
duced locally by pathogens was first to test candidate elements 
in a parsl^ transient expression system for inducibility by a 
pathogen-derived peptide eiicrtor. pep25. Promising candi- 



dates then were Introduced into Arabidopsis ptanrts to evalu- 
ate their in planta expression patterns and Inducibility by 
pathogens. Figure 1A shows how the synthetic promoters 
were constructed. Each element was Inserted between the 
Spet and Xbal restriction sites upstream of the -46 35S 
minimal promoter of Cauliflower mosaic virus. 

Initially, synthetic promoters containing tetramers of can- 
dklate elements were constructed. The reason for the use of 
tatramers was the observation that promoters with mu [ti- 
mers of elements are stronger than those with just one or 



A 

HUIO BulO dps! CXU '^'^ 

B 

Box W i C-ACTTAAT TTGACC GAGTAACATTCGCC 

Box W2 rTATTCAG-CCATC.AAAAGTTGACCAAT?UT 

Box .S GASCGAC£A.^.AOAGGACCCAGAAT 

Box D ?ACAATTCAAAC?lTTGTTCAAACAAGGW\CC 

OsX\ box TTCTAJGCCACCAGA TTTGACC AAAC 

c 




4x\V% 4xVn 4sS 4xD 4eC>ltl 



Figure 1. Elicitor-lnducible Synthetic Plant Promotgrs. 

(A) Scheme of the synthetic promoters. Elements were Inserted be- 
tween the spei and Xbal sites In pBT10 upstream of the -48 35S 
pnamoter of Cauliflower mosaic virus (CaMV 35S). pAnos, nos termi- 
nator 

(B) Sequence of the ellcltor-lnducible elannents. Core sequences are 
shown unceiiinsd and in boldface. 

(C) Bicitor inducibility of the synthetic promoters In a parsley tran- 
sient expression system. Gray bars represent GUS activity a hr after 
pep25 addition. White bars show the level of <^US activity In the 
absence of pep25. The fold Inducibility Is shown, and error bars indi- 
cate ±SEM. Qualitatively similar results were obtained upon normal- 
ization with a constitu lively expressed Petroselinum crispum U814/2 
::lucfferase construct (Sprenger-Haussels and Weisshaar, ^'OOO). 
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two copies (see below). Because it was unknown whether 
any of the elements were functional in planta, we used tetra- 
rhers In Initial experiments to ensure that any expression 
would be strong enough to be detectable by p-glucuronl- 
dase (GUS) staining. The t^rst elements tested were boxes 
W1 and W2 from the parsley PR1 genes (Rushton at ai., 
1996), box S from the parsley EL/7 genes (Kirach et al., 
2000), a novel element called box D from the parsley PR2 
gene (P.J. Rushton and K. Hahlbrock. unpublished results), 
and an dement we termed The Gst1 box from the potato 
gsti gene (StrJttnnatter et al., 1996). The Gsti box contains 
an S box and a W box separated by iust 4 bp In a negton of 
the promoter that mediates transcriptional activation in re- 
sponse to pathogens, during senescence, and In root api- 
ces (Figure 1B), All of the pnanoters showed inducibtlity by 
pep25 in transient expression studies (Ffgure 1C), although 
the strength arKJ indudbility oV the elements varied greatly. 
Tetramers of most elements showed inducibiliiies of five- to 
30-fold, whereas four copies ol' box S had a remarkably high 
inducibllfiy (>400-fotd), which was attritxitable to an almost 
completeilack of expression fn the absence of pep25. 

Although box S is very similar in sequence to the GCC, 
J ERE, and DRE boxes, they appear to direct different pat- 
terns of gene expression (YamaguchhShinozaki and Shinozaki, 
1994; Ohme-Takagi and Shinsni, 1995; Menke et al.. 1999). 
To investEgate these GCC-related elements, we constructed 
a series of synthetic promoters that are based on box S 
(Figure 2A). To detennine rhe effect of changes wtthin the 
core sequence, the flanking sequences remained identical 
and we altered only the bases necessary to change one 
variant into another. A construct containing the GCC core 
sequence was slightly stronger than tjox S but showed 
greatly reduced inducibility by pep25 (Figure 2B). This re- 
duction to ^^3% of the box S value is remarkable consider- 
ing that this Is the result of a single base pair change and is 
attributable primarily to an increase in the background level 
of the GCC box. Results with JERE were almost identical to 
those with box S, both In strength and fold induction. In 
contrast, DRE directed a lotrt'er level of expression and 
Showed little elicrtor induclblilr/, A nonfunctional version of 
the GCC box (GCC mut) (Figure 2A) (Ohme-TakagI and 
Shinshi, 11995) had very low activity but was slightly induc- 
ible by pep26. These results show that minor variations In 
the core sequences of GCC-Hke elements can have pro- 
found effects on both the strength and the elicrtor inducibil- 
ity of these elements. 



Expression Patterns of the Synthetic Promoters in 
Planta and In Response to WQunding 

We next addressed the question of whether the synthetic 
promoters with defined c/s-aoiing elements are functional in 
planta. PiJomoters containing tetramers of the elements 
were Introduced into Arabldoosis plants. We first deter- 
mined the levels of background expression for each con- 



struct. The majority of the synthetic promoters had little 
background exprBssk>n in leaves (Figure 3A and data no? 
shown). By comparison, the background level of expression 
was sometimes higher in roots (data not shown), and In the 
case of 4 X W2, this level was very high. Only 4 x D had no 
appreciable background expnssskjn in any parts of the plant- 
Many of the leaves shown In Figure 3A manifest, local in- 
ductron by wounding where the leaves have been excised. 
This response Is very rapid, being induced during the time 
taken to harvest the- plants. Therefore, we wounded leaves 
by cutting through one-half of a leaf and monitored changes 
in promoter activity. Except for box D, expression from all 
promoters was Induced locally; by cutting (Figure 38 and 
data not shown). Figure 3B also illustrates that this massive 
damage to the leaf sometimes led to a lower level increase 
in GUS expression over the entire leaf (cf. Figures 3A and 
3B). However, when plants grown in greenhouse conditions 
exhibited local wound-induced expression, presumably be- 
cause of insect damage, we never observed expression in 
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GCC box CAGCCGCCAAAGAGGACCCAt5AAT 
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XtA 4xaCC 4tJKIU: i«DR£ JtMuI 

RguTB 2. EEcitor-inducibie Prorngters Containing GCCHIk© Qamenis. 

(A) Soquence oi the olicitor-inducibla GCC-lik© elements. Core se- 
quences are shown urwJerlined ancJ in boldface. 

(B) Bicitor induabBity of synthetic promoters containing GCC-IIke e!^ 
ments in a parsley transient expression system. Gray bara reprasent 
GUS activity 8 hr after pep25 addition. White bars show ttis love! of 
GUS activity In the at>sance of pep25. The fold Induclb'lity Is shown, 
and error t^ars indicate isem. Qualitatively similar results were obtained 
upon noanalization with a constitubvely exprassed P. crispurn Udt4/2:: 
ludferass construct (Sprangar-Haussels and Wetssh^r, 200t)). 
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Rgure 3. Expression Patterns of Synthetic Promoters In Planta and 
' in Raspon^ to Wounding. 

(A) Expressiion patterns (GUS ^ctrvicy) in untreated oxclsod leaves. 

(B) Expression patterns 1 hr aftor y^oundlng by cutting. 

(C) Local wound-induced exproasJon from 4 x GCC 1 hr after 
wounding, 

(D) Local wound-Induced expression from 4 x S 1 hr after 
wounding. 



other parts of the leaf (data not shown). This finding sug- 
gests that local wounding of Arabidopsis plants leads only 
TO highly restricted expression of these pronnoters. Only 
when more extensive danfiage la done (e.g., severing of vas- 
cular tlss^ue) is there a response throughout the leaf and 
subsequent nonlocal Induction. 

We observed two differ^ patterns of local wound-Induced 
expression after cutting (Figuftss 3C and 30). Most common 
was expression in a layer of cells at the actual cut site (Fig- 
ure 3C). However, with the same pronxaters. we sometimes 
also observed local expression in a ring of ceils some dis- 
tance away fn^m the cut site .J^igure 3D). The exact condi- 
tions necessary for the production of each pattern were not 
Investigated further. 



Synthetic Promoters That Direct Local Cane Expression 
in Response to Pemnospora parasit/ea 

Having detennnined the level of background expression with 
the synthetic pnDmoters, we looked to answer the following 
question: Do they direct pathogen-lnducibfe expression? To 
do so, we Investigated their expresston during Interactbns 
with a range of different pathogens. We inoculated with the 
biotrophic oomycete P. parasitica pv CafaS, which produces 
an Incompatible fnteraction with Columbia (Col-0) plants 
(Holub et al., 1994). Local gene expression, limited to Smail 
areas around infection sites, was seen with 4 x wi. 4 x 
GCC. 4 X S, 4 X Gst1 (Figure 4). 4 x W2, and JERE (data 
not shown). By contrast, no expression was detectat>le with 
4x0. Figure 4 demonstrates that although 4 X GCC Is 
pathogen Inducible, it has a much higher level of back- 
ground expression in uninfected parts than does 4 x S, and 
these data accurately naflect the transient expression data 
described at»ve (Rgure 2). For all of the tested elements 
except t3ox D, these results demonstrate that these ele- 
ments alone can direct pathogen-indue Ible expression in 
planta when removed from their native promoter context. 



. LocaJ Expression during powdery Mildew Challenge 

We next investigated the inducibillty. of the promoters during 
the ncnhost interaction with Tho bariey powdery mildew 
Blumarfa gramlnis f. sp. hordei. Only four synthetic promot- 
ers (4 x S [Figure 5A], 2 X W2/2 X S/2 x D pgure 5B), 4 x 
GST [data not shown], and 4 X W2/4 x S [data not shown]) 
directed significant local gene expression under the condi- 
tions tested. These promoters all contain box S, suggesting 
that box S may play a nale during nonhost signaling. The 
germinating spores (sp) form appnsssorial gemi tubes (agt), 
and although most do not penetrate the plant, local gene 
expression is found predominantly In the underiying meso- 
phyll cells (Figure 5A) just beneath the attempted penetra- 
tion site, suggesting that recognition events on the leaf 
surface trigger defense responses in the underiying cells. 
Importantly, the level of expression from these promoters 
and the number of expressing cells con-eJated directly with 
the extent of differentiation of the fungus. This is Illustrated 
in Figure SB, where at one infection site, haustoriiim Initial 
formation has triggered ceil death. Here, a larger number of 
cells show activation of the promoter, and levels of expres- 
sion are higher than in the two other infection attempts, in 
which infection progressed only as far as papilla formation. 

During the compatible interaction with the powdery mil- 
dew Eryslphe dchoracearum, all of the promoters except 
DRE directed local expression. After 7 to 1 0 days, areas of 
powdery mildew growth could be seen, and expression of 
the synthetic promoters was very high in these Infected ar- 
eas (Figure 5C). When viewed closeiy. intense GUS staining 
was apparent in these areas, and a wave of gene expression 
was apparent in advance of the growing hyphae (Figure 5D). 
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Figure 4. Local Expression In Response to P. parBs/tica pv Caia2. 

(A) Local GUS expression 2 days after P. parssitica infection in Arabfdopsls plants containing the synthetic pfwnotar 4 x wi . Blue spots repre- 
sent infection sitos. _ 

(B) Local ekpression In 4 x GCC plants. 

(C) Local expression in 4 X S ptanls. 
(Dj Local ^Kpressi'on in 4 x Qsii plants. 



Local Gene Expression during Interactions with 
Pseudomon3s syringae 

We also performed Infections wrth the necrotnophic bacterial 
pathogen- P. syringae pv tomato using two different isolates: 
a Col-O-compatible Isolate (DC3000) and a Col-O-inconn- 
patible isolate (DC3000 carr/mc the avrRpml gene) (Debener 
at al., 1991), Figure 6 shows the expression patterns ob- 
tained with some of the synthetic promoters. Expression of 
4 X W2 was Induced locally within 6 hr of infection with the 
Inconnpatible isolate (Figurs 6A). Expression also was ap- 
parent with the compatible Isolate, although the level of ex- 
pression was lower. Similar results were obtained with 4 x 
JERE (Figure 68), 4 X W1, 4 X S, and 4 x C5st1 {data not 
shown). 

Although untreated leaves rrom plants containing 4 x 
GCC showed some background expression, often this was 
increasedl greatly by mock infection with MgCia (Figure 6D): 
it was difficult, therefore, to deHermine whether induction by 



P, syringae was occuning. By contrast 4 x GCC showed 
clear induction by P. parasitica (Figure 4B), ever* though 
background expression was apparent. This finding suggests 
that the process of injecting liquid into the leaf is itself a suf- 
ficient abiotic stress to induce high-level expression of 4 x 
GCC, Closer inspection of plants containing other synthetic 
promoters (most notably. 4 x W2, 4 x Gsti, and 4 x WI) 
showed that background expression levels also are in- 
creased sometimes after infiltration of MgCI^ (data not 
shown). This is similar to the results obtained when a cut 
was made through one-haif of a leaf (Figure 3) and suggests 
that wounding/stressing a targe portion of a leaf can lead to 
a response in the entire leaf. 

Infection of 4 X D-contalnIng plants led to qualitatively dif- 
ferent results. No expression was detected in oDntrol or 
mock-infected leaves or with either Isolate 6 hr after Infection. 
By contrast, strong local gene expfBsslon was seen 24 hr af- 
ter infection with both isolates (Rgure 6C). Again, the level of 
expression was higher during the Incompatible interaction. 
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Effect oft Element Number on Strength 
and Inducibility 

Although'the synthetic pronoters containing tetramere of el- 
ements dfract local gene ©Kpression upon pathogen attack, 
many are not yet ideal for our purposes because they have 
more background expression than desired or they respond 
to a number of biotic ana abiotic stresses. Therefore, we 
have started to construct improved "sscond-generatton" 
synthetic promoters usir>9 These c/s-acttng elements as 
building blocks. 

The first parameter investitgated vvas the effect of the 
number of copies of an Individual c/s-acting elen'>ent In a 
syrtthetk! promoter. We constructed a series of promoters 
containing one, two, four, and eight copies of an element 
ar>d tested these by transieiat assay. Figure 7A shows the 
nesults obtained with 1 x W2, Z x W2. 4 x W2. and 8 x W2. 



Increasing the number of copies of W2 increased the 
strength of the promoter progressively. However, 2 x W2 
had the best indue ibility, because addfttonal copies caused 
a proportionally greater Increase in background expressran. 
Similar results were obtained \wilh boxes S and D (data not 
shown). 

These findings suggest that promoters containing fewer 
copies of an element may be better suited to mediate 
pathogen-Specific inducibility in planta. Accordingly, we in- 
troduced promoters with two copies of elements Into Arabf- 
dopsis plants. Figures 7B and 7C show a comparison of 2 X 
S and 4 X S plants treated with P, syn'ngae and demon- 
strate that the differences between the two promoters that 
were observed In the transient assay also are apparent In 
planta. Both promoters were inducible by pathogens, but 4 x 
S showed a higher background level and clear wound in- 
duction where the leaf was excised. By contrast, 2 x S, al- 




Figure 5. Local Expression dunng >Jonhost and Compatlbfe Powdqiy Mildew interactions. 

(A) Ught micrograph of ona leaf infection site on a 4 x S plant viewed at two different planes of focus. The epidermal plane (right) shows the In- 
ducing penetration attempt by a geimlnated S. gramlnis spare {sp). The differentiation of an apprassorial germ tube (agt) coincides with local cell 
wall thickening (pap). Focusing de^Dper into the tissue (mesophyfl plane; left) ravaals GUS expression in mesophyll cells Just undemeati* the pen- 
etration attempt. The phoiograpn was taken a days after inoculation with the nonhost pathogen 5. graminls. Staining of the fungus was with 
Coorngssie* blue. 

(B) Local expression in a 2 x W2i'£ x S/2 x D plant upon fi. graminis challenge. The rare successful penetration event at left triggered a cell 
death response (cd), whereas eariy aborted penetration attempts con-elated with papilla formatk>n (pap). 

(C) LocaJ expression 7 days aftt^r Infection with the compatible powdery mildew k dchoraca^m in a 4 x S plant 8iue spots represent infec- 
tion sites. 

(D) ClosQUp of the border region of an infection site from (C). Reporter gene expression colncidGS with superficial myceiium (sm). 
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though clearly pathogen Inducible, showed on average less 
background and in many cases no apparent wound induc- 
tion. 



Spacing Effects and Promoter Strength 

Our data show that not all W box-containing synthetic pro- 
moters b&have similarly. For example, both transient ex- 
pression experiments (Figure 1) and results from transgenic 
plants show that box W2 is much stronger than box Wl . 
oven though both contain tiie riame TTGACC core element 
Therefore, wa asked the queirtion: What makes a W box 
strong or weak? To eliminate possible spacing effects, we 
made new versions of both biDx Wl (box Wl new) and box 
W2 (box W2 new) that are Identical in length and have 
TTGACC core sequences in identical positions (Frgure 6A). 
The only difference between the new v^on of box Wl and 
the original is the addition of the preceding 7 bp from the 
PR1-1 promoter To our surprise, both of the new elements 
were strong, with no detectable difference between 4 x W2, 
4 X W2 new, and 4 x Wl new (Figure SB). The seven addi- 
tional bases In box W1 new have increased the strength ei- 
ther by adding a positive element or by altering the spacing 
between TTQACC core elements. Therefore, wa made a 
version of 4 X Wl new in which an unrelated sequence was 
substituted for the original seven bases (Figure 8A). This 
constnjct (4 X Wl 5 prime murt) directed a similar level of 
expression to 4 x W1 new {Rgure 8B). Thus, the difference 
in strength between the two versions of box Wl was not se- 
quence dependent, excluding the possibility that a new c/s- 
acting element was ger^erated. The pronounced difference 
in strength between 4 x Wl and 4 x W2, therefore, seems 
to be a spacing effect caused by different distances be- 
tween core TTGACC elements. 

To establish whether spacirac from the TATA box had any 
effect on promoter strength or inducibility^ we inserted ele- 
merits 1 8 bp farther upstrean- Into the Spel site instead of 
between the Spel and Xt^al sites (Figure 1A). Rgure 8C 
Shows that this resulted in a $Mnriall Increase in strength but 
had little effect on inducibility. Placing the elements at other 
positions farther upstream had little effect (data not shown). 
Together, our results suggest that positioning an element 
closer to 9ie TATA box can result In some change in pro- 
moter strength but that there is little effect on inducibility. 



Box D and the Role of Flanking Sequences 

Box 0 Is df consid«-able interest because t>ox D-containing 
synthetic promoters have no appreciable background ex- 
pression or wound inducibility in ptanta, and they also show 
different kinetics of induction by pathogens. Box D was dis- 
covered as a DNasel footprint from approximately *76 to 
-52 in the parsley PR2 promoter (P.J. Rushton and K. 
Hahlbrock, unpublished results). This region (txax D short) 



Rgure 6. Expression during Interactions with P. syrfnga&. 

Using a syringe* leaves wsra Incsculated with either Isolate DC3000 
(compatible interaotton) cw isolate DC3000 carrying the avrPpml 
gene (incompatible interaction) arwJ were harvested after 6 or 24 hr. 
As controls, untreated leaves and loaves 24 hr after trsatmsnt with 
MgCtg buffer were han/ested and stained for GUS activity, 
(A) 4 X W2. 
{B) 4 X JERE. 
(CJ 4 X D. 
(DJ 4 X GCC. 
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Figure 7. Effect of Etement Numb&r on Strength and Inducibility. 

(A) Ellcltor inducibinty of synthetic Dromotors containing Increasing 
numbers ai the eiicitor-indudbie i:;s-acTlng element box W2. Gray 
bars represent GUS activity 8 hr after pep25 addrtlon. White bars 
Show the level of GUS activity In tm absence of pep25. The fold in- 
ducibiiity is shown, and en-or bars indicate 3:sgm. 

(B) and (C) Expression patterns with plants containing the synthetic 
promoters 4 x S (B) and 2 x S {C> during interactions with P. sy/in* 
gae. Leaves ware inoculated with ijither Isolate DC3000 (compatibia 
interaction) or isolate DC3000 carrvlng the ^vrRpml gen© (incom- 
patibla interaction) and were harvosisd after 6 or 24 hr. 



cal to box D short (Figurs 9j^, dennor^strating that the 
considerable increase In strength is a sequencs-speclflc ef- 
fect that is depjendent on the sb< bases GGAACC. Therefore, 
we believe that box D consists of at least two elenients: an 
etfcltor-responsive eJannent and a positive-acting element 
This posftive e)8rr>ent cannot function alone (Figure 9, 4 X D 3 
prime and 4 X D 3 prime mut) but appears to be a coupling 
element that forms a functional unit with the elicitor-induc- 
Ible efemerrt(s). Attematively^ the shortened version of box D 
simply may tack crucial Z* nucleotides of a single element 
required for selective high-affinity binding of a specific tran- 
scription factor, thus allowing binding to other related fac- 
tors, leading to the observed differences In inducibllity. 



Promoters vtflth Combinations of Elements 

Having taken a reductionist approach, reducing synthetic 
promoters to a single type of c/s-actlr^g element to demon- 
strate fOndlonality. we next took the first steps toward mak- 
ing improved synthetic promoters that contain more than 
one type of defined c/s-acting element. The question that 
we asked was the following: What effect does the insertion 
of a sacorKJ element have? To answer this question, we In- 
serted four copies of box S either upstream (4 x S/4 x VV2) 
or downstream (4 x W2/4 x S) of 4 x W2. Figure 10A 
shows that this insertion had little effect on the strength of 
the promoters and a relatively minor effect on inducibiirty. 
Mixing up the elements to make 2 x S/2 X W2/2 X S/2 X 
W2 led to oniy a slight increase in promoter strength. 

In contrast to the transient expression results, in planta 
studies produced encouraging results. We introduced two 
synthetic promoters (2 X W2/2 X S/2 X D and 4 x W2/4 x 
S) that contain combinations of different elements into Ara- 
bidopsis plants. Both showed good tnduclbillty by a range 
of pathogens and were among the best promoters tested, 
combining high inducibility with low background (Figures 
10B and IOC), it seenns likely that ail of the c/s-acting ele- 
ments contrltxite to the overall expression of the synthetic 
promoter and that promoters containing carefully selected 
combinations of elements may be among the best patho- 
g^-inducible promoters. 



(Figure 9A} had a high ellcltcr Inducibility but was weak (Fig- 
ure 96). Because the exact e^diont of the element was un- 
clear, a longer verskjn (box O) containing the next sbc bases 
from the PRZ promoter at the £ ' end was constructed (Fig- 
ure 9^. Box D was almost 30 times stronger than 4 X D 
short (Figure 9B), although inducibility was reduced as a re- 
sult of increased backgrounci levels. We then constructed a 
verskjn of box D in which the six additional bases were ex- 
changed (Figure 98, box D mut). and this was almost identi- 



DISOUSSION 

Pathogen-lnducible Synthertic Promoters 

In this report, we provide direct evidence that a range of 
pathogen -Inducible c/s-acting elements can alone mediate 
pathogen -inducible expression In planta. When taken out of 
their native promoter contexts, they retain pathogen induc- 
ibility as components of synthetic promoters, directing ex- 
pression that is local and that correlates with the extent of 
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tors (Riechmann and Ratcilffe, 2000). It will be interesting to 
extend these studies to include other pathogen- inducible 
elements such as Myb Recognition Elements (MREs) and 
as- 7-llke elements, although evidence suggests that these 
elements might not be able to function alone (Rushton and 
Somssich. 1998), 

Interestingly, although mo»^ than one type of c/s-actlng 
element Is not required for pathogen indudbilHy, some 
pathogen-inducible promoters contain elements of nnore 
than one type. An example is the Gst1 box. which contains 
both a W box and an S box. This places the gsti gene under 
the control of both WRKY and AP2/eRF transcription fac- 
tors. The potato gsti promoter has been well studied 
(Strtttmatter et al., 1996), and our work provides the first 
clear evidence of how this gene is activated transcriptionally 
in response to pathogens. It may be common that signaling 
pathways operating via different transcription factors can 
target the same gene; another example is the parsley 
WHKYI gene (a W box and a GCC box) (Eulgem et aJ.» 1999). 

Our results suggest that defense signaling is largely con- 
served across species boundaries, because an element 
from a potato gene (the <3st1 box) is active in a parsley tran- 
sient expression system and In Arabidopsis plants. In fact, 
none of the elements tested originate from Arabidopsis pro- 
moters, yet all retain their functionality. These results also 
validate our use of a parsley transient expression system for 
the Initial characterization of elements, because we have 
successfully Identified and characterized numerous patho- 
gen-Indue ibie elements and synthetic promoters In a way 
that would not have been possible in planta. In almost all 
cases, ellcltor induclbilrty in the transient expression system 
is accompanied by pathogen Indue ibility in p>ianta. 



Figure 8, Spacing Effects and Pronqter Strength, 

(A) Sequences of the different versions of box W1 and box W2. W 
box core sequences are indical^ in botdjace. The seven additional 
bases in box Wi now are showra in boldface and underlined. The 
sevon unrGl&tsd bases in box WI £• orima mut are shown in boldface 
Italics and undartined. 

(B) Qicitor rnducibility of the syntNsdc promoters shown in (A). Gr^y 
bars repTQc^nt GUS activity 8 hr after pep25 addition. White bars 
show the level of GUS activity in thu absence of pep25. The fold In- 
docibility Is shown, and error bars indicate r sa^, 

(C) Bicitor Induclbillty of synthetic promoters with elements Inserted 
at different positions. Elamants were inserted into either the Spal 
site (-74) or the Xbal site (-56). 



growth of the pathogen. The c/s-acting elements tested fall 
into three groups: W boxes, GCC-ilke boxes, and box D. 
Our observations suggest that binding sites for WRKY (W 
bo;0 or AP2/ERF (GCC-like bo;<; transcription factors can be 
sufficient to confer pathogen indue ibility on a promoter. This 
is an Important observation because these represent two of 
the three largest families of plant-speolfio transcription fac- 



Signaling in Different Types of 
Plant-Pathogen Interactions 

Table 1 summarizes the responses of the synthetic promot- 
ers to pathogens under the conditions tested. Importantly, 
not all of the elemerrts respond in the same way to patho- 
gens and wounding. Even elements that are bound by the 
same family of transcription factors (e.g„ GCC, J ERE, S, 
and DRE) show different expression patterns. This is consis- 
tent .with reports that these elements may respond l;o differ- 
ent hormones, for example, salicylic acid (W boxes) (Yang et 
al., 1999). jasmonate (JERE) (Menke et al., 1999), and ethyl- 
ene (GCC) (Ohme-Takag! and Shinshi, 1995), Therefore, we 
have generated a spectrum of synthetic promoters useful 
for studying plant-pathogen Interactions at the molecular 
level. 

During compatible Interactions, the synthetic promoters 
accurately report the in vivo situation in which geno activa- 
tion fs slower and perhaps weaker (Lo et ai.. 1 999). In this 
context, the observed high-level expression of the syn- 
thetic promoters during the compatible interaction with a 
powdery mildew (£. dchoracearum) illustrates their potential 
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[ipxDiShotl TACAATTCAA.i:ATTGTTCAAflCAa 
Box D TACAATTC;wA.\3ATTGTTCftAACAAG^ACC 
Box Dmul TACAATXa: JJ.V:AlTGrTCAAACAA£:2:22E3 
D 3 prime CAACGAACCT 
4 X D 3 prime mul CAACElSrar 



sponslve to P. syringae, £. cichoraceerum, tho bacterlally 
derived peptide ©licitor flg22 (data not shown), and the oo- 
mycste-derived peptide elicitor pep25 In protoplasts. Box D 
also responds with different kinetics than other elements, 
being induced later than tiie other elements (Rgure 6). The 
molecular characterization of box D and the Identification of 
rts cognate transcription factors would provide new Insights 
Into defense gana activation during piant-pathogen interac- 
tions. 



B 



a 



7,1 » 



4 t D real 4 s D 4 x D 

3 prime 3prin>cinul 



Fi9ure 9- Box D. 

(A) Sequences of the different versions of box D. Th& six additional 
bases in box D ar© shown in boldface and underlined. The six unre- 
lated bases fn box D mut and 4 >: D 3 prime mut are shown in bold- 
face Italics and underlined. 

(BJ Eltcltor Induclblltty of the symnetic promoters shown in (A). Grey 
bars reprssortl GuS activity & hr after pep25 addition. White bars 
show the level of GUS activtty in tlie absence of pep25. Tho fold In- 
ducibility is shown, and ent)r bate indicate ±SEM. 



usefulness during plant-pathogen interactions of commer- 
cial importance. 

Under the corKlitions tested, only promoters containing 
box S consistently showed local expression during the non- 
host Interaction with barley powdery mildew. Box S. there- 
fore, could be a useful toot for studying nonhost responses 
and for engineering plants with broad-spectnjm resistance. 
These results are remarkable considering that there Is only a 
single basepair difference t>erween box S and the GCC box 
(Figure 2). This single alteration results In box S having 
much lower background levels both in the transient expres- 
sion system and In planta- Given that both elements probably 
are bound by AP2/ERF transcription factors, experiments 
designed to identify family members ^Wh high affinities for 
box S coukJ yield useful dala concerning signaling during 
plant defense. 

Box D' is an extremely interesting novel element, unlike 
any of the others tested, bec£»use It combines an apparent 
tack of background expression or induction by wounding 
with strong induction during :50me, but not all, plant-patho- 
gen interactions (Table 1). Box D has been found to be re- 



Pathogen and Wound Signaling through the Same 
c^-Aoting Elements 

Recently^ wort^ on plant defense signaling has demon- 
strated the convergence of resistance gene, elicitor, wound, 
and salicylate responses at the level of mltogen-activatod 
protein kinase (MAPK) activation (Romeis et al., 1999). It is 
not clear at present whether these signaling pathways 
marge at the MAPKs or upstream thereof or whether the 
same MAPK can mediate disparate responses by interact- 
ing with other proteins (Bent, 2001). Our results showing 
that tetramers of a ranga of pathogen-inducible c/s-acting 
elements also direct local wound-induced gene expression 
demonstrate the convergence of resistance gene, nonhost, 
and. wound responses at the level of promoter elements. 
This observation Is In agreement with recent data demon- 
strating an extensive overlap in the transcriptional response 
of plants to race-specific elk:rtors and mechanical stress 
(Dun^ant et al., 2000). Studies Of 290 AvrQ/Cf-Q rapidly elic- 
ited genes demor^strated that many of these also are in- 
duced by wounding (e.g., by cunlng or Infusion of liqukjs). 

The results presented here extend these observations 
from the level of the entire promoter to that of individual c/s- 
acting elements. In addition, the kientities of the elements 
suggest that pathways Involving salicylic acid, jasmonate, 
and ethylene may converge at this level. One key question 
that remains is whether the same or different members of 
transcription factor families are responsible for both patho- 
gen and wound responses. In other words, whether conver- 
gence occurs at the level of transcription factors as well as 
at the level of ciy-acting elements and promoter architec- 
ture. Most likely, these signaling networi<s have shared 
components, with proteins at many nodes being capable of 
receiving inputs from multiple pathways (Bent, 2001). Many 
pathogen- and wound- inducible c«-acting elements could 
represent such nodes. 



Inr^roving Synthetic Promoters 

We used synthetk: promoters containing tetramers of ele- 
ments to ensure that the promoters were strong enough to 
detect activity by GUS staining. These promoters, however, 
are not optimal for all purposes; therefore, we r,Qt about 
making improved second-generation promoters by varying 
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Rgure 10. Synthstic Promotars Containing Combinations of Ele- 
ments, 

Elicitor indUQibility of synthetic promotars containing combina- 
tions of box W2 and box S. Gray bars represent GUS activity 8 hr af- 
ter pep25 addition. White bars sI-kjw the teval of GUS activity in the 
absence of |3ep25. The fold induciibility is shown, and arror bars indi- 
cate ±SEM. 

(B) GUS expression pattern or tho synthetic promoter 2 x W2/2 x 
S/2 X 0 3 days after treatment with B. gram/nis (nonhost interac- 
tion). 

(C) GUS expression pattern ot tha synthetic pnomotar 4 X W2/4 X S 
B and 12 hr after treatment v*1th syringae carrying the avrRpml 
gene (incompatiblo interaction). 
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several parameters. Most Important was the number of cop- 
ies of an individual element in a promoter. Both the strength 
and the tnducibilrty of a promoter can be modulated by vary- 
ing the number of copies of an element. Importantly, this 
also can have the effect of reducing/eliminating some back- 
ground expression because pathogen inducibility appears 
stronger than basal or wound-induced expression (Rgure 
7S). Spacing betvi/een Individual c/s-acting elements and/or 
between these elements and the prelnftiatlon complex also 
can have a profound effect (Figure 8), but spacing is difficult 
to predict (Wray. 1996), and the optimal spacing, like the 
optimal number of elements, needs to be determined exper- 
imentally. 

Promoters with combinations of different elements may 
be among the best pathogen-lnduclble promoters (Figures 
10S and 100), because ttiey often combine good inducibil- 
ity with tow background. Together, our results suggest that 
the optimal pathogen- Inducible synthetic promoters may 
consist of combinations of one or two copies of defined c/s- 
actlng elements. Perhaps the best synthetic promoters, al- 
though made up of carefully chosen components, will not 
be that dissimilar to r^ural promoters after all. 



Biological Importance and Applicartions 

The pathogen-inducibis synthetic promoters could have 
nvajor applications, first, as molecular markers, and second, 
in engineering crx)ps with Increased disease resistance. As 
molecular markers, the promoters are attractive because 
they consist of one cts-acting element and therefore one de- 
fined end point of signaling pathways. This could have ma- 
jor advantages over the fuIWength promoters that are used 
commonly. Through introduction into mutant backgrounds, 
the syrrthetic promoters can be used to better characterize 
these mutants, and the use of defined synthetic promoters 
for this purpose couW become a standard practice- Differ- 
ences in responses during different plant-pathogen Interac- 
tions also can be Investigated at the molecular level. 
Synthetic promoters can be used as nsporters for mutant 
screens using targeted genetics (Hooley. 1998), and this 
may prove a powerful approach. 

The spread of plant pathogens and insect pests Is In- 
creasing worldwide (Moffat, 2001). Researchers have identi- 
fied numerous plant and pathogen genes that can be used 
to increase crop resistance toward Invading pathogens. 
These strategies involve interfering with the replication of vi- 
ruses in the plant, expn^sion of gene products toxic to cer- 
tain pathogens, and enhancement of the plant's own natural 
resistance mechanisms. Such introduced genes usually are 
placed under the control of strong promoters, yielding con- 
stitutive expression of the gene product in all tissues of the 
plant. This can have detrimental effects on plant growth, de- 
velopment, and crop yield. Use of the synthetic promoters 
presented hers and future improvements thereof may prove 
valuable in engineering plants with increased resistance, 
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Tebi9 1. Exprafiston Patterns of SvnthQtic Promoters 
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(+), high-laveJ induction; (=), low^i- level Of Induction anributablo to lower induced expression or high background; (-). no expression; ND, 
determined. _ 



because the use of such defined regulatory sequences may 
allow highly restricted expression of the desired gene prod- 
uct exclusively at the sites of Httennpted pathogen invasion. 
Thus, expression of the gene product is limited to cells sur- 
roundingian Infection site and Is not found in healthy parts of 
the plant. Moreover, expression via such promoters can be 
triggered by a range of different pathogens, Including during 
compatible interactions wnti pathogens of commercial Im- 
portancei such as powder^' mildew. This expression may be 
sufficient to abort the progression of the Invader even in 
such compatible interactions. 



METHODS 

Construcfion of Synthetic PromcTters 

Pnamoter constructs wem produced by anndaling phosphoryiated 
upper and lower strand oligonucJejotides to Create elements contain- 
ing a Spel' restriction site at th^ 5' end and an Xb'al rBStriction site at 
the 3' end. These were introduced Into pBTl0-$-glucuronidas9 
(GUS) (Sprenger-Haussels and VV^isshaar, 2000) between the Spel 
and Xbal sites (rtgura 1). Ppomotet^ containing multiple copies of el- 
ements OP combinations of ©tements In any desired order were ob- 
tained by digesting tha constructs with either Spol or Xbal together 
with Sacl.. which cuts the piasmid at a site outside of trie synthetic 
promoter. L^atlon of two such fn^igments rscreates the plasmid with 
an increased number of olomonrs. This can be repeated as the 5' 
Spal and me 3' Xbal sites are recreated, but Internal Spel -Xbal liga- 
tions result in the loss of these re^Erictlon sites. For analysis In Ambh 
dops/s thaliana^ the entire synthetic promoter was excised as a 
Hindlll-SaicI fragment and ligatfid into the binary vector pGPTV- 
GUS-KAN (Becker at al., 1 992) . 



per assay. Protoplasts were harvested 8 hr aftsr transfectlon. All re- 
sults represent a minimum of seven independent axperinYents. Nor- 
malization control expierimonts were perfomied after coti^ansfection 
with a constrtutively Qxprossod Petroseflnum crispum UBt4/2::\u- 
ctferase construct (Sprangar-Haussete and Welsshaar, 2000). 



Trar^genic Arsbidopsis Lines 

Agrotacterfum ft/mefec/ens-mediated plant transformation was per- 
fonned as described (Bechtold et al., 1993). ApproximatBly 10 inde- 
pendent lines were isotated for each synthetic prornpter-GUS 
reporter tr^nsgene, and between two and four representative lines 
{typically between T2 and T5) were subjected to detailed analysis. 
Tested lines varied between T2 and T5, depending on the promoter 
tested. Histochemlcal staining for GUS activity was perfonned as de- 
scribed (Jefferson. 19 B7). 



Wounding of Plants 

Leaves were cut with scissors and harvested 1 hr thereafter. Contrpl 
leaves were excised and immediately stained for GUS activity. 



Infection of Planta with Pathogens 

Plants were infected with Psmjdomonas syringae pv tomstQ strain 
DC3000 without an aw gene (compatible) or with the avrfljom/ gene 
Gncompatlble) or with Peronospora par^tica pv ChiaZ as described 
(Klrsch et al., 2001) and stained for GUS activity. Four- to Q-week-oId 
Arabldopsis plants were infected with Erysiptte dcharsCBaruirt 
UCSC1 according to tha method of Vogel and Somerville (2000) and 
with Blumetia gmminis f. sp. hora&i Ki according to Peierhansel et 
al. (1997). 



Transient Expression 

Transient expression anatysls was performed as described previ- 
ously (van de L6cht et al., 1990) using 20 tj.g of Seal- linearized DNA 



Microscopic Analyses 

Clearing of leaves and staining of fungal structures were performed 
according to Petemansol et al. (1 997). 
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